Abstract Considered a generalist species among the coccinellids, the multicolored Asian lady beetle Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae) feeds upon small arthropods and non-prey plant products, a practice which might enhance its ability to colonize various ecosystems but carries the potential to expose it to prey quality variation and insecticide use. Thus, we examined the effect of four different diets on the development, reproduction, and response to the insecticide lambda-cyhalothrin in this species. Three groups of larvae received laboratory-reared diets: (i) eggs of Anagasta kuehniella (Zeller) (Ak); (ii) eggs of Sitotroga cerealella (Olivier) (Sc); and (iii) eggs of A. kuehniella + S. cerealella at the proportion 1:1; and one group received wild-caught cotton aphids, Aphis gossypii Glover (Ag). Notwithstanding the generalist feeding behavior of H. axyridis, development and reproduction results were superior with diets of Ag or Ak compared with the diet combining 1:1 Ak + Sc or the diet of Sc eggs only. Furthermore, the Sc diet did not result in satisfactory development and reproduction. Despite this significant variation in biological responses, insecticide susceptibility studies using adults that had been reared on these diets showed no statistically significant differences in susceptibility to the lambda-cyhalothrin.
Introduction
The multicolored Asian lady beetle, Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae), is a cosmopolitan coccinellid found in various ecosystems (Koch 2003; Lucas et al. 2007) . One of the most abundant lady beetle species in agricultural ecosystems such as corn, soybean, and cotton, it has been reported preying on many species of insect pests (Musser et al. 2004; Rutledge et al. 2004; Torres & Ruberson 2005) . Considered to be a valuable control agent due to its voracity and reproductive capacity (Berkvens et al. 2008; Brown et al. 2008) , H. axyridis has been intentionally and/or accidentally introduced into North America, Europe, Africa, and South America (details in Koch et al. 2006) . For example, in 2002 H. axyridis was found occurring naturally in Brazil (Almeida & Silva 2002) , likely moving from Argentina where it had been introduced as a biological control agent (Saini 2004 ). More recently, it has been found in various locations in the south, west and southeast regions of Brazil (Torres et al. 2009 ).
Such cosmopolitan habits carry a potential cost, however. Spread throughout various crop ecosystems, members of the species often would confront unfamiliar or uncommon diet items (Evans 2003) and encounter various insecticide sprays, including those used to control pest species not attacked by the predator. In agricultural ecosystems, lady beetles might be subjected to the effects of prey availability and quality (Honěk 1991) and also to insecticide sprays (Ruberson et al. 2007; Tillman & Mulrooney 2000; Torres & Ruberson 2005 ). These random events, both alone and in combination, might be expected to affect many aspects of their biology, including development times, adult reproductive output, and survival (Hodek & Honěk 1996) .
Knowledge of such potential effects has important practical implications. For one, conservation of natural enemy populations is a cornerstone of integrated pest management across a wide range of agroecosystems (Kogan 1998; Naranjo 2001; Torres et al. 2009) and it is widely known that when these populations are disrupted, such as occurs with improper use of broadspectrum insecticides (Eveleens et al. 1973; Torres et al. 2010) , secondary pest outbreaks and the resurgence of key pests often result. Insecticides that target mature larvae of Lepidoptera and Coleoptera, the most common groups of row crop pests, are known to have a negative impact upon their natural enemies, including lady beetles (Ruberson & Tillman 1999) . In this context, attention has been drawn to the variable response that some lady beetle species show after treatment or contact with lambda-cyhalothrin residue (Ruberson et al. 2007; Tillman & Mulrooney 2000; Torres & Ruberson 2005) . This pyrethroid insecticide is considered to have a large impact on natural enemies (Tillman & Mulrooney 2000) , often causing acute toxicity (Ruberson et al. 1998) .
Other practical outcomes of such knowledge include greater success with laboratory-based rearing colonies for further releases using the best prey item (Schanderl et al. 1988) and improved ability to infer the capacity of the species to survive and thrive in different habitats (Evans 2003; Kamo et al. 2010) . For example, studies of the biology of lady beetles using eggs of different species of Lepidoptera [Anagasta (=Ephestia) kuehniella (Zeller), Phthorimaea operculella (Zeller) and Sitotroga cerealella (Olivier)] have shown that they might replace aphids as food to the lady beetles (Abdel-Salam & Abdel-Baky 2001; Gautam 1990; Schanderl et al. 1988) .
Based on the broad diet used by H. axyridis, this study investigated two hypotheses: (i) the generalist feeding behavior of H. axyridis might furnish this species with the ability to exhibit similar development and reproduction on different types of diets; and (ii), the diet upon which H. axyridis are reared might influence adult beetle response to a stressor agent such as exposure to lambda-cyhalothrin. Thus, the study was set up to evaluate the development and reproduction of H. axyridis fed four types of diet -either one of two species of lepidopteran eggs (A. kuehniella and S. cerealella), their combination, or the cotton aphid, Aphis gossypii Glover -and to examine subsequent responses of adult beetles to the insecticide lambdacyhalothrin.
Materials and methods
The biological traits and susceptibility of H. axyridis to the pyrethroid lambda-cyhalothrin were studied in individuals reared on three different laboratory diets -eggs of A. kuehniella (Ak), eggs of S. cerealella (Sc), and a 50:50 mixture of Ak + Sc eggs -and one field diet -the cotton aphid, A. gossypii (Ag). The study began with neonate larvae of H. axyridis at F3 generation in the laboratory; the field diet began with A. gossypii (Ag) at the F8 generation. To allow comparison of H. axyridis susceptibility to lambdacyhalothrin for beetles reared upon A. gossypii at F8 generation, adults of H. axyridis were also obtained by rearing the larvae with A. kuehniella eggs. All experiments were conducted in the laboratory at 25±1°C and 12 h:12 h (L:D) photoperiod. The study was carried out in the Biological Control and Insect Ecology Laboratory at the Universidade Federal Rural de Pernambuco, Recife, Pernambuco.
Multicolored Asian lady beetle rearing The H. axyridis population studied was established in the laboratory from individuals collected in a spontaneous growth field of radish (Raphanus sativus L.) located in Jaboticabal County, São Paulo (21°14′0.9″ S and 48°1 9′0.9″ W). Adults were housed in plastic containers of 1,000-ml volume. On each container lid there was an opening 5-cm in diameter covered with 2-mm mesh nylon. Wrinkled paper towels were placed inside the rearing containers as shelters and substrates for oviposition. Egg batches were collected and placed in 500-ml plastic containers; eclosed larvae were reared in these until they molted into second instar. Right after this molt, two larvae from each container were transferred to 80-ml plastic vials to be reared to emerging adults. These rearing containers included eggs of A. kuehniella as food and wrinkled paper towels as substrate.
Diets studied The four diets were eggs of S. cereallela, eggs of A. kuehniella, a 50:50 combination of these, and cotton aphids, A. gossypii. The moth eggs were obtained from laboratory colonies of the respective moths, and aphids were obtained from infested cotton plants grown in an open-sided greenhouse. Eggs of S. cerealella were acquired from Embrapa Semiárido, Petrolina, PE. Eggs of A. kuehniella were produced in the laboratory by rearing moth larvae to adulthood on a diet of whole wheat flour (45%), yellow corn flour (45%), and yeast (10%) after the method of Torres et al. (1995) .
Biological traits of H. axyridis reared on different diets The experiment was set up using newly hatched larvae (<12 h old). The larvae were reared individually in 80-ml plastic containers with a paper towel substrate and their respective diet. In the case of cotton aphids. they were offered on pieces of cotton leaves. All diets were offered ad libitum according to the following treatments: (i) eggs of A. kuehniella (Ak, n=57 larvae); (ii) eggs of S. cerealella (Sc, n=62 larvae); (iii) 50:50 combination of Ak + Sc eggs (n=62 larvae); and (iv) nymphs and adults of A. gossypii (Ag, n=38 larvae). The development period, survival, and adult body weight within 24 h of reaching adulthood were determined.
Sexes of emerging adults were determined by the method of McCornack et al. (2007) and individuals were isolated for 3 days, then paired and maintained following the same regimens that had been applied to the larvae. The number of females evaluated, which varied according to the immature stage survival per treatment and the need for same age adults at the day of pairing, was as follows: (i) Ak (n=15 females); (ii) Sc (n=11 females); (iii) Ak + Sc (n=15 females); and (iv) Ag (n=16 females). The adults were maintained under controlled conditions of 25±1°C and 12 h:12 h photoperiod.
Adult beetle performance was evaluated based on the age for first oviposition, egg viability, reproductive period as the period of maximum reproductive effort (considered as the time required to produce 12 egg batches), and survival within this period. The egg batches were collected and stored in 80-ml plastic containers to monitor egg hatching. Because the maximum reproductive effort of lady beetles takes place during the first weeks of life (Dixon & Agarwala 2002) , there was no need to monitor the entire adult life span when evaluating dietary effects on reproduction of these bugs (Michaud 2005; Michaud & Grant 2005) .
Susceptibility to lambda-cyhalothrin when reared on different diets To evaluate the susceptibility of the lady beetle to the insecticide lambda-cyhalothrin when reared on different diets, the mortality dose-response was estimated for H. axyridis reared en masse on an Ak, Ak + Sc, or Ag diet. The treatment Sc was not included in this experiment because of low survival for larvae fed only this diet (see below). Given a diet of solely Sc eggs, even a culture established with 300 newly hatched larvae did not yield enough adult beetles for the two replications required for the dose-response bioassay. The source of lambda-cyhalothrin was the commercial product Karate Zeon 50 CS (lambda-cialotrina 5%m/v -50 gl −1 , Syngenta S.A., São Paulo) purchased on the local specialized market. Pilot tests were conducted with a concentration 20 g a.i. ha
), based on the recommended concentration of the commercial product to control cotton bollworm, Heliothis virescens (Fabr.) (Lepidoptera: Noctuidae) in cotton because this is the highest concentration recommended to spray cotton. The doses (g a.i. l −1 of water) used in the bioassay were previously determined and prepared by diluting the commercial product in distilled water. A total of 5-6 doses were tested that at least produced a response between 0 and 100% mortality.
Insects from each diet (control and treated) were subjected to two replications. A total of 173 and 245 adults of H. axyridis were tested from the Ak and Ak + Sc diets at the F3 generation, respectively. At the F8 generation, 237 and 217 adults were tested from the Ak and Ag diets, respectively. The insect contamination consisted of applying 0.5 μl of the dilution on the ventral part of the insect abdomen using a Hamilton™ syringe of 25 μl volume. For the control group only water was applied. After the treatment, the insects were placed in petri dishes (12 cm diameter, 1.5 cm tall) lined with filter paper and given a paste of honey and yeast (50%:50%) as food. Mortality was assessed 24 h after adult treatment. The criterion for mortality was an individual's inability to turn upright and begin to walk after being placed on its dorsum.
Data analysis For comparison among treatments and to allow for individual variability, larval survival was rated by a group of five replications. Larval survival, development time, the weights of newly emerged adults, and three adult reproductive parametersage for first oviposition, reproductive period (period to produce 12 egg batches), and egg viability -were each submitted to a normality test (Kolmogorov-D: Normal test, Proc Univariate of SAS) and variance homogeneity test (Bartlett's test), and were transformed when needed to meet the assumptions of analysis of variance (SAS Institute 2001). Significantly different means were separated using a Tukey's highly significant difference (HSD) test. Adult body weight data were submitted to the Student's t-test (SAS Institute 2001) to compare gender results for each diet. The proportion of adult females surviving within the period required to produce 12 egg batches from the day of pairing was compared among treatments and between pairs of treatments by the Long-Rank test through Kaplan-Meyer method using the Proc LIFTEST of SAS (SAS Institute 2001) .
Mortality data were submitted to Probit Analysis (Finney 1971 ) using the Polo PC (LeOra Software 1987) aiming for an estimation of lethal dose (LD 50 ) for each population. The resistance ratios were calculated between beetles fed Ak and Ak + Sc at the F3 generation, and between beetles fed Ak and Ag at the F8 generation.
Results
Biological traits of H. axyridis reared on different diets The type of diet significantly affected larval development time (F df= 3, 28 =74.14, P<0.0001), pupal stage duration (F 3, 28 = 20.69, P < 0.0001), and the length of the period from neonate to adult emergence (F 3, 28 =95.22, P<0.0001), which ranged from 10.4 to 14.9 days, 3.9 to 4.8 days, and 14.3 to 19.7 days, respectively (Fig. 1a) . H. axyridis required less time to complete their larval development when being fed on Ak eggs or Ag, as well as less time in the pupa stage when the larvae fed on Ag. Further, the whole period from newly hatched larvae to adult emergence was shorter for individuals that fed on Ak or Ag (Fig. 1a) .
The survival of the larval stage varied significantly with diet (F 3, 28 =9.81, P<0.0001), exhibiting mean values from 47.9% to 91.7% (Fig. 1b) . The greater values for survival were obtained with larvae fed on Ak or Ag. The survival of pupae was 100% across all diets used. Thus, viability over the whole development from neonate larvae to emerging adults was similar to that found for the larval stage.
Adult body weights of H. axyridis varied from 19.9 to 30.1 mg (Fig. 2a) and showed statistically significant differences as a function of the diet consumed during the larval stage (F 3, 28 =34.32, P<0.0001). When compared to adults that emerged from all other diets, those that emerged from larvae fed Ak eggs were larger; this finding held true both for males (F 3, 25 = 27.42, P<0.0001) and for females (F 3, 24 =10.46, P<0.0001). Body weights of males and females ranged within expected values for the species (Fig. 2b) . Further, average body weights for the same gender were similar across all diets used (Ag, t 10 =1.22, P=0.2518; Ak, t 13 =1.29, P=0.2193, Ak + Sc, t 13 =1.64, P=0.1260; and Sc, t 13 =0.60, P=0.5600) (Fig. 2b) .
Ten pairs of adults -three from larvae fed on Ag, three from larvae fed on Ak, two from a diet of Ak + Sc and two from an Sc diet -were disregarded in the analysis because of a lack of oviposition. One pair of adults from larvae fed on Ag and all pairs from larvae given Sc were discarded from the reproductive period analysis because they did not produce 12 egg batches during their whole adult lifetime. Likewise, the egg viability analysis did not include the data from the Sc diet because all egg batches produced by females reared on this diet were nonviable. Thus, based on the adult pairs generating confident data, adults of H. axyridis exhibited statistically significant differences in three reproductive parameters according to the diet used to rear them: first age for oviposition (F 3, 43 =31.7, P<0.0001), number of eggs produced (F 3, 43 =25.6, P<0.0001), and reproductive period (F 2, 34 =9.9, P=0.0004). Their egg viability, however, was statistically similar across the diets Ak, Ak + Sc, and Ag (P=0.2940), varying from 57.9% to 70.5% (Table 1) .
As measured by the period of maximum reproductive effort (time to produce at least 12 egg batches), adult female survival differed significantly among the diets (Wilcoxon's test, χ 2 =15.73, P=0.0013, df=3) (Fig. 3) and Ak, both the LD 50s and the results showed similarity for estimated LD 50s as 0.024 and 0.022 g a.i. l −1 of lambda-cyhalothrin (Table 1) .
Discussion
The multicolored Asian lady beetle, H. axyridis, exhibited low performance when its larvae fed on S. cerealella eggs, despite the fact that this species is considered to be polyphagous and highly competitive (Koch et al. 2006; Lucas et al. 2007) and that this diet is widely used to rear predators and parasitoids. Olszac (1986) mentioned that the first instar of Propylea quatuordecimpunctata L. was not able to break the chorion of S. cerealella eggs. However, adults of this coccinelid succeeded when they were fed using S. cerealella eggs. In our study, the highest mortality of larvae was observed in the first instar of H. axyridis. If these larvae failed to break the chorion, the high mortality could be expected because they would not get enough nutrients to develop and complete the instar. Thus, the partial larval survival with few reaching adult stages reinforces the fact that older larvae were able to feed on S. cerealella eggs. This is surprising, considering that both Abdel-Salam & AbdelBaky (2001) and Dong et al. (2001) have reported eggs of S. cerealella to be a suitable diet for H. axyridis. According to the latter authors, H. axyridis exhibited 84% and 80% larval survival and averaged 715.3 and 606.6 eggs per female when fed fresh and frozen S. cerealella eggs, respectively. The lower performance response of our H. axyridis population to Sc eggs is confirmed by the almost 50% proportional improvement on the biological performance when the Sc eggs were combined with a better diet (Ak eggs) at a 50% ratio. However, it is important to mention that the diet used to rear S. cerealella by Abdel-Salam & Abdel-Baky (2001) and Dong et al. (2001) could be different from ours, and this fact could change the qualitative and quantitative contents of the S. cerealella eggs. On the other hand, when we fed Ak eggs or A. gossypii to H. axyridis, our results for its development and reproduction fit within the variation reported in other studies, and when using lepidopteran eggs, our results were either similar or superior to published reports (Berkvens et al. 2008; Reznik 2010; Schanderl et al. 1988; Specty et al. 2003) . x LD 50 calculated at F8 generation of H. axyridis in g a.i. of lambda-cyhalothrin/l (95% confidence intervals for LD 50 ) Fig. 3 Survival of Harmonia axyridis females during the reproductive period required to produce 12 egg batches, as a function of being reared on Aphis gossypii (Ag), eggs of Anagasta kuehniella (Ak), eggs of Sitotroga cerealella (Sc), or eggs of Anagasta kuehniella + Sitotroga cerealella (Ak + Sc). Survival curves for adult females differ in a statistically significant manner among diets through the Long-Rank test (χ 2 =15.73, df=3, P=0.0013)
Dietary effects upon immature stages of H. axyridis, especially on development time and larval survival, have been highlighted by Pervez & Omkar (2006) . Based on our results, H. axyridis larvae that fed on A. gossypii or A. kuehniella eggs exhibited shorter development times and greater survival, and produced larger adults compared with larvae reared on Sc eggs or the combination of Ak + Sc eggs. According to Dixon (2000) , the time that coccinellid beetles require to develop usually exhibits a negative correlation with adult body weight, i.e., smaller adults result from faster developing larvae. Our results using A. gossypii as prey corroborated this correlation (Fig. 1a) . The negative correlation might be associated with diet quality, however, because suitable diets can produce large adults even when larvae are developing more rapidly (Michaud 2000; Pervez & Omkar 2006 ), as we found in this study when comparing Ak and Ag diets ( Figs. 1 and 2) .
Our findings reinforce the use of Ak eggs as a quality diet for H. axyridis. Michaud (2005) suggests that the suitability of a diet for coccinellids can be evaluated by considering, in increasing order of importance, the outcome on immature viability, development time, and weight of the adults. This is a sensible approach because the viability of the immature stages and the weight of adults are strongly associated with reproductive success in coccinellids, as represented by the number of pairs formed and offspring produced.
Females of H. axyridis that had fed on A. gossypii initiated oviposition earlier than did adults from other studied diets (Table 1) . Michaud (2005) considers the age of first oviposition to be a trait of coccinellid life history that has little meaning for group performance when evaluating diets, because this parameter is highly variable among coccinellids in general and also among individuals within a tested group. However, anticipation of oviposition coupled with concentration of offspring production, equivalent to production of at least 12 egg batches, demonstrates a better performance of H. axyridis fed A. gossypii despite the polyphagous feeding habit of this species (Hodek & Honěk 1996) . Furthermore, peaks of offspring production on time might be of adaptive value for H. axyridis females fed A. gossypii, considering that colonies of aphids are usually abundant for only a short period of time (Dixon 2000) .
The variable results for development, adult body weight, and reproduction of H. axyridis reared on Sc eggs were similar to the outcome obtained by Michaud (2000) when feeding H. axyridis larvae with the aphid Aphis spiraecola Patch. This similarity suggests that these types of diet are suitable for H. axyridis development, but are diets of low quality to the species.
Although Abdel-Salam & Abdel-Baky (2001) reared H. axyridis with eggs of S. cerealella and stated that the diet was adequate for development and reproduction of the species, in our study, H. axyridis females fed Sc eggs produced significantly fewer eggs compared with the other tested diets and the eggs did not hatch (Table 1) . We repeated our study a second time to avoid any potential unknown effect of the diet or individuals, and again found low reproduction (data not shown here). In fact, when we reared larvae on Sc to obtain beetles for a bioassay to ascertain dietary effects on performance of adults treated with lambdacyhalothrin, a group of 300 neonate larvae yielded only 30 adults, an insufficient number for the toxicity test (minimum, 120 testable individuals). However, upon adding 50% of a more suitable prey (Ak eggs) into the diet mixture, the development and adult characteristics were improved almost at the same ratio ( Figs. 1 and 2 ; Table 1 ). Based on our results and a published diet ranking for coccinellids (Hodek & Honěk 1996) , eggs of S. cerealella might better be considered as an alternative food for maintenance of H. axyridis, used in association with another prey that allows better reproduction and development. Both our research and published reports (Reznik 2010; Schanderl et al. 1988) indicate that eggs of A. kuehniella are potentially a better prey for H. axyridis larvae compared with S. cerealella eggs. In fact, Schanderl et al. (1988) suggested the use of A. kuehniella eggs for mass production of this species and Semiadalia undecinotata Scheneideer for biological control programs.
Despite the variability in development and reproduction that occurred as a function of diet, responses of H. axyridis adults to the insecticide lambdacyhalothrin were quite similar. The only difference was related to the small slope of the fitted model for adults from larvae fed Sc + Ak eggs. This outcome might have been an effect of diet quality, because results for the Sc + Ak diet were intermediate to those for feeding with Ak alone. However, the response of H. axyridis based on the LD 50s calculated for adults from each diet did not correlate with the variation observed on development and reproduction among diets. The only observed differences for LD 50s occurred between generations F3 and F8, and that is considered to be a typical natural variation of populations (Robertson et al. 1995) .
Diverse effects could be produced in larvae and adults of H. axyridis after lambda-cyhalothrin exposure. Reduced predation efficacy and mobility of larva, and high acute toxicity could be mentioned as examples of these effects (Provost et al. 2003 (Provost et al. , 2005 Rodrigues 2012; Ruberson et al. 2007; Torres & Ruberson 2005 ). The high susceptibility of H. axyridis to lambda-cyhalothrin found here is comparable to other pyrethroid insecticides, such as fenpropathrin, esfenvalerate, bifenthrin at field rates under laboratory conditions (Cho et al. 1997; Galvan et al. 2005 Galvan et al. , 2006 Michaud 2002; Michaud & Grant 2003) . Overall, conventional insecticides (carbamate, organophoshate and pyrethroid) are considered lethal for younger stages and adults of H. axyridis, but some new products could have reduced toxicity depending on the life stage, for example, spinosad and indoxacarb (Galvan et al. 2005; Youn et al. 2003) . In addition, the high acute toxicity to H. axyridis is compared to the susceptibility of other lady beetles such as Hippodamia convergens Guerin-Meneville, Coccinela septempunctata (L.) (Ruberson et al. 2007; Tillman & Mulrooney 2000; Torres & Ruberson 2005) , and Eriopis connexa (Germar) (Rodrigues 2012) .
Despite the well-documented polyphagous and voracious feeding behavior exhibited by H. axyridis (Koch 2003; Koch et al. 2006; Lucas et al. 2007) , our results showed that this species' performance is variable as a function of its diet during development, and that dietary effects on development and reproduction did not correlate with adult response to a strong stressor agent such as the insecticide lambdacyhalothrin. Therefore, our results did not support either of the proposed hypotheses for this study, i.e., that (i) the generalist feeding behavior of H. axyridis furnishes this species with the ability to have similar development and reproduction on different types of diets; or (ii) adult beetle responses to a stressor agent in the form of lambda-cyhalothrin, an insecticide widely used in the agroecosystems inhabited by the species, could be mediated by larval diet. However, it is important to note that H. axyridis in Brazil comes from a non-intentional introduction and the spread of its population from that introductory point to other regions has been comparatively recent. Thus, the H. axyridis in our study represent a relatively naive population with few generations of exposure to this insecticide.
